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The tert-butyl cation has a special place in the history of organic chemistry. Tracking its existence from a reactive intermediate postulated on the basis of kinetic measurements to its isolation and characterization at low temperatures in superacidic media is a Nobel Prize winning story. [1] The hexafluoroantimonate salt has been isolated at low temperatures, [2] and solutions containing the tert-butyl cation in magic acid (HFSO 3 /SbF 5 ) are reportedly stable up to 150 8C. [3] In 1993 a crystal of [(CH 3 ) 3 C][Sb 2 F 11 ] suitable for X-ray crystal-structure determination was isolated at À30 8C from an amyl precursor. [4] A secondary alkyl cation stabilized by Sn hyperconjugation, [5] and a vinyl cation stabilized by Si hyperconjugation, [6] have recently been isolated and structurally characterized. The bridgehead adamantyl cation is stable at room temperature as a fluoroantimonate salt. [2] We now report that tert-butyl and other simple tertiary alkyl cations can be isolated at room temperature and their X-ray structures determined.
The external conditions necessary to stabilize alkyl cations are: a) a counterion that is too weakly nucleophilic to form a covalent bond with the cationic carbon atom, and b) high acidity to prevent deprotonation of the carbocation to form an alkene, leading to subsequent oligomerization of the cation. Since icosahedral carborane anions of the type [CHB 11 R 5 X 6 ] À (R = H, CH 3 ; X = halide) have been shown to be the least-coordinating anions towards silylium ions R 3 Si + , [7] they should be excellent candidates for noncoordinating anions with analogous R 3 C + carbenium ions. The conjugate acids of carborane anions, H(CHB 11 H 5 X 6 ), are stronger than the strongest oxy superacids (such as HFSO 3 , CF 3 SO 3 H), [8, 9] which suggests that carborane anions might be sufficiently weak bases not to deprotonate carbocations. The third consideration is a suitable synthetic route.
The synthetic route of choice is hydride abstraction from a hydrocarbon since highly electrophilic "Me + " reagents are known to produce carbocations by methane elimination. [3] In their reactivity towards benzene, methyl carboranes have been shown to be much stronger methylating reagents than methyl triflate. [10] Indeed, they are such strong methyl + sources that they can abstract a hydride from hydrocarbons at or below room temperature (Scheme 1).
The reactions were carried out by stirring solid CH 3 (CHB 11 H 5 Br 6 ), 1 a, in liquefied alkane at room temperature for a few days. As expected, linear hydrocarbons led to branched-chain products reflecting the high thermodynamic stability of tertiary carbocationic centers over primary or secondary, and the facile hydrogen or methyl 1,2 shifts that occur readily in carbenium ions. [11] The colorless microcrystalline [R 3 C][carborane] products are stable indefinitely if kept dry and free of nucleophiles. The success of the synthesis probably derives from the very low solubility of the salts in the hydrocarbon solvent. With n-heptane as reactant and solvent, a material is obtained that has broad 1 H NMR resonances in the alkane region and no 13 C resonances in the carbocationic region. This suggests the formation of an oligomerized product. We surmise that heptyl cations are sufficiently soluble in heptane during the reaction that deprotonation to heptenes can occur, followed by intermolecular reaction of these heptenes with heptyl cations.
Reactions with branched-chain alkanes or cyclic alkanes also give the expected tertiary carbocation products 2 a-4 a (Scheme 2). When a typical laboratory mixture of hexanes is used, the methylcyclopentyl cation 4 a is exclusively produced, which suggests that the methycyclopentane isomer of hexane undergoes hydride abstraction much faster than the Supporting information for this article is available on the WWW under http://www.angewandte.org or from the author.
other isomers. As indicated in Scheme 2, some reactions were carried out in CH 2 Cl 2 at À30 8C to grow crystals suitable for X-ray crystallography. Methane was identified as the by-product of these reactions by condensing the head gas from the reaction mixture into an NMR tube and observing in the corresponding spectra the appearance of the 1 H signal at d = 0.158 ppm due to dissolved methane in C 6 D 6 . [12] Proof that the methane originated exclusively from the methyl carborane reagent was obtained from a 13 C labeling experiment. When 99 % enriched 13 CH 3 (CHB 11 Me 5 Br 6 ) was treated with hexanes, the only 1 H signal showing observable and complete 13 C coupling was the methane signal (J = 125.8 Hz). Not incidentally, this experiment also shows that the mechanism of hydride abstraction does not involve a five-coordinate carbonium ion since such cation formation would allow scrambling of methyl groups. A m-hydridobridged cation may be involved.
[13]
The carbocations were characterized by 1 H and 13 C NMR spectroscopy [14] by dissolution of the crystalline products in liquid SO 2 at À60 8C. The products of Scheme 1 showed clean and quantitative formation of 2 a and 3 a. In the case of hexane, a very similar spectrum to the one previously reported by Olah and Lukas [3] was obtained, indicating formation of an equilibrium mixture of isomers of hexyl cations. The diagnostic downfield carbocation resonances appear in the 13 C spectrum at about d = 335 ppm. Similarly, the cations of Scheme 2 were characterized as single products.
Crystals of the tert-butyl-and tert-pentyl-cation salts 2 a and 3 a prepared according to Scheme 1 showed unacceptable crystallographic disorder under X-ray examination of their structures. However, single crystals of a tert-butyl-cation salt 2 b, without disorder in the cation or anion, could be grown by the reaction of the corresponding hexachloro carborane reagent, CH 3 (CHB 11 Me 5 Cl 6 ) 1 b, [10] with n-butane in CH 2 Cl 2 at À30 8C. The same conditions gave good single crystals of 3 a and a manageably twinned crystal of 4 a, both with the hexabromo carborane anion. Figure 1 , Figure 2 , and Figure 3 show the crystal structures of [ Me 5 Br 6 ] (4 a). [15] As judged by the sum of the C-C + -C angles being 360.0 AE 0.18, the carbocationic centers are planar within experimental error, as expected for sp 2 hybridization. The lattice structures are typical of well-defined salts with separated cations and anions. Halogen atoms from the anions do not approach the carbocationic carbon centers closer than van der Waals separation. Indeed, the closest C + ···X approach is actually shorter for Br than Cl (3.42 vs 3.49 ) even though Br is the larger atom. This suggests that electrostatic stabilization of the cation through anion approach to the central carbocationic C atom is not as important in carborane salts as in earlier studies with smaller fluoroantimonate anions. [16] On the other hand, there are many close CÀH···X interactions. For example, each methyl group of 2 b has one or more H···Cl distances < 2.85 , the shortest being 2.71 (with a CÀH···Cl angle of 1618). Similarly, all methyl or methylene groups adjacent to carbocationic centers in the structures of 3 a and 4 a show one or more close H···Br approaches in the range 2.80-3.08 . The shortest Br approach is found to a methyl group in the cation with the fewer CÀH bonds adjacent to the carbocationic center, namely the methylcyclopentyl cation, 4 a. These CÀH···X interactions are consistent with the survey of CÀH hydrogen bonding in the crystallographic database. [17] These hydrogen-bonding interactions are reflected in the IR spectra of the salts in which nCÀH bands from the carbocations are markedly shifted to low frequencies, even lower than those observed in fluoroantimonate salts. [18] The lowest frequency (2695 cm À1 ) appears in the methylcyclopentyl salt. This may correlate with the shortest CÀH···Br distance (2.80 ), observed for this salt. Together with the Xray data, these IR indications of significant CÀH···X hydrogen bonding to the carborane anions are taken as palpable structural evidence for the very high protic acidity, indeed superacidity, of carbocations. [14, 16] Similar IR effects and short CÀH···Br distances were observed for the highly acidic protons of the benzenium ion, C 6 H 7 + , in recently isolated carborane salts. [8] Perhaps the most interesting new structure is that of 3 a, because the conformation of the C + -CH 2 -CH 3 moiety gives information about the relative importance of CÀC versus CÀ H bond hyperconjugative stabilization of the carbenium-ion center. Theory at the MP4(SDTQ)6-31G**//MP2(FU)/6-31G* + ZPE level finds a negligible energy difference between the conformer having the CÀC bond aligned with the 
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Chemie vacant p orbital relative to that having it perpendicular. [19] Preference for the aligned conformation (i.e., having CÀC bond hyperconjugation) was made on the basis of better congruence of the computed 13 C NMR chemical shifts with those determined experimentally in solution. However, in the X-ray crystal structure (Figure 2) , the 25.88 dihedral angle between the carbocationic plane and the C(1)-C(2)-C(3) plane indicates the near absence of CÀC bond hyperconjugation. This is consistent with the C(1)-C(2)-C(3) angle of 121.38, which is close to the value of 119.58 calculated for no CÀC bond hyperconjugation (dihedral angle = 08) and much greater than the 101.78 value calculated for maximum CÀC bond hyperconjugation (dihedral angle = 908). Evidently the torsional potential in the C + -CH 2 -CH 3 moiety is very soft and crystal-packing forces probably dictate the observed orientation, favoring CÀH over CÀC bond hyperconjugation.
As observed in the X-ray crystal structure of À ions on tert-butyl cation, even though the carborane favor interactions with CÀH bonds rather than the C + center. Theory gives a calculated value of 1.458 for the CÀC bond length in an isolated tert-butyl cation. [20] The high level of congruence between calculated and observed bond lengths and angles reflects the intrinsic stability of tertiary carbocations and the relatively insignificant perturbation of their structures by external effects. Their isolation at room temperature simply required shutting down pathways to chemical decomposition.
In summary, we have shown that Me + reagents, 1 a and 1 b, based on carborane anions are sufficiently powerful electrophiles that they can abstract hydride from hydrocarbons at or below room temperature. As long as the resulting tertiary carbocation salt is insoluble, it can be synthesized and stored at room temperature. This has allowed the accurate structure determinations of 2 b, 3 a, and 4 a and opens the way for simple tertiary carbocations to be used as reagents, something that has not been practical with carbocations generated in SbF 5 -containing superacidic media.
Supporting Information for this article (synthetic procedures, NMR and IR spectra, complete X-ray data) is available for this paper.
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